Abstract-Black Africans have a higher incidence of cardiovascular disease than white Europeans. We explored potential mechanisms of this excess risk by assessing endothelium function, inflammatory status (C-reactive protein), oxidative stress (isoprostane-F2␣), and plasma asymmetrical dimethyl arginine (ADMA; an endogenous competitive inhibitor of NO synthase) in each ethnic group. 1 This in part may be explained by an increased prevalence and severity in blacks of some risk factors for atherosclerosis. In particular, in black subjects, essential hypertension has a higher prevalence, earlier onset, and is associated with more severe end-organ damage, including left ventricular hypertrophy, renal failure, and stroke. 1 However, conventional risk factors for cardiovascular disease do not account for all of this increased risk. A recent study demonstrated that black ethnicity is a strong and independent risk factor for the development of peripheral arterial disease, which was not explained by higher levels of diabetes, hypertension, or body mass index. 2 The mechanisms underlying this ethnic predisposition to cardiovascular dysregulation remain unresolved.
pidemiological studies have shown that American black Africans are at increased risk of cardiovascular disease and its complications compared with whites. 1 This in part may be explained by an increased prevalence and severity in blacks of some risk factors for atherosclerosis. In particular, in black subjects, essential hypertension has a higher prevalence, earlier onset, and is associated with more severe end-organ damage, including left ventricular hypertrophy, renal failure, and stroke. 1 However, conventional risk factors for cardiovascular disease do not account for all of this increased risk. A recent study demonstrated that black ethnicity is a strong and independent risk factor for the development of peripheral arterial disease, which was not explained by higher levels of diabetes, hypertension, or body mass index. 2 The mechanisms underlying this ethnic predisposition to cardiovascular dysregulation remain unresolved.
A number of studies have demonstrated that black subjects have endothelial dysfunction, [3] [4] [5] a key step in the initiation/ progression of atherosclerotic vascular disease. A hallmark of endothelial cell dysfunction is a reduction in the bioavailability of the antiatherosclerotic signaling molecule NO. 6 Longitudinal studies have demonstrated that a reduction in NO bioavailability is a predictor of accelerated atherosclerosis. 7, 8 NO is generated by a family of NO synthases from L-arginine in a reaction that requires oxygen, reduced nicotinamideadenine dinucleotide phosphate, and essential cofactors, including tetrahydrobiopterin. NO bioavailability is principally determined by a reduction in its biosynthesis and/or inactivation by reactive oxygen species. Asymmetric dimethylargi-nine (ADMA) has been shown to reduce NO bioavailability by competing with L-arginine as a substrate for endothelial NO synthase. 9 In this study, we have assessed endothelial function and potential mechanisms leading to reduced NO bioavailability in young black African and white European males, who were rigorously matched for conventional risk factors for coronary artery disease.
Methods

Subjects
The study was carried out in the Cardiovascular Division at King's College London School of Medicine. Fifty-eight healthy men were recruited to the study. Twenty eight were white (European ancestry), and 30 were black (of African ancestry). Before the study, subjects were interviewed and screened for cardiac risk factors. Exclusion criteria were smoking, hypertension, hypercholesterolemia, diabetes mellitus, or cardiac disease. None of the subjects were on regular medication or had a recent acute illness. 11 full lipid profile (total cholesterol, triglyceride, low density lipoprotein cholesterol, and high density lipoprotein cholesterol), and levels of glucose, insulin, creatinine, ADMA, leptin, the inflammatory marker C-reactive protein (CRP), and a marker of systemic oxidative stress, isoprostane F2␣ (isoF2␣). All of the venous blood samples were taken after a 24-hour fast in the morning and before vascular studies. The study had local ethics committee approval, and subjects gave written informed consent before recruitment.
High-Resolution Ultrasonographic Studies of Brachial Artery
Brachial artery vascular responses were measured using a 12.5-MHz linear array transducer (ATL), an HDI 5000-ultrasound machine, and a high-resolution ultrasonic vessel wall tracking system (HDI Laboratory, ATL). Scans were performed after an overnight fast in the supine position in a temperature-controlled room (21°C to 24°C). Subjects visited the laboratory before the study to be familiarized with the technique.
The brachial artery was scanned longitudinally and a stereotactic clamp used to maintain the position of the transducer throughout the study. Ultrasound settings were set to optimize images of the lumen-arterial wall interface and magnified using a high-resolution box. The distance between the opposite lumen-arterial interfaces was used to calculate vessel diameter. ECG-gated images were acquired with every cardiac cycle.
The ultrasonographic protocol has been described previously 11 and in brief consisted of 1-minute baseline imaging of the brachial artery diameter before occlusion of blood flow using a pneumatic cuff around the right forearm (inflated to a pressure of 300 mm Hg) for 5 minutes. A second recording was made immediately after cuff deflation and continued for 2 minutes. FMD (a measure of endothelium-dependent vascular response) was expressed as the percentage of change in the brachial artery diameter from baseline to 45 to 60 seconds (maximal vessel diameter) after deflation of the forearm cuff. Fifteen minutes were then allowed for vessel recovery after which a second baseline scan was performed as described. GTN (400 g) was then administered sublingually. A further scan was performed 4 minutes later to assess maximal GTN-induced vasodilatation (endothelium-independent vascular response). Scans were recorded and analyzed offline.
Laboratory Methods
Fasting blood samples were drawn under standardized conditions stored at Ϫ80°C and analyzed in a blinded manner at the end of the study. Assays for lipid profile, glucose, insulin, and creatinine were performed in the hospital biochemistry department. ADMA was measured from serum samples by competitive ELISA (DLD Diagnostika GmbH) with a standard range from 0.1 to 5.0 mol/L. 12-14 The detection limit was 0.05 mol/L. As described previously, intra-assay coefficients of variation were 7.5% at 0.81 mol/L and 4.5% at 1.76 mol/L, and interassay coefficients of variation ranged from 8.3% to 10.3%. 12, 13 The cross-reactivity of this immunoassay with arginine (Ͻ0.02%) and symmetric dimethylarginine (1.2%) is low. This method has been shown to have an excellent correlation with liquid-chromatographymass spectroscopy and gas chromatography-mass spectroscopy (rϭ0.984; PϽ0.001). 12, 13 Leptin concentrations were measured using a quantitative sandwich ELISA technique (R&D Systems Europe). CRP was measured using high-sensitivity turbidimetric immunoassay (WAKO Chemicals) on the Cobas Mira Analyser (Roche Diagnostics). Total isoF2␣ levels in plasma were determined by immunoaffinity gas chromatography negative chemical ionization mass spectrometry as described previously. 15 Creatinine clearance was estimated using the Cockcroft-Gault method. 16 Estimated glomerular filtration rate (eGFR) was derived from creatinine levels as described by the Modification of Diet in Renal Disease Study and accounted for the age, sex, and racial origin of the subject. 17 
Statistical Analysis
Data analysis was performed with SPSS 12.0 for Windows statistics software. Data were presented as meanϮSEM. Student's t tests (2-tailed) were used to analyze differences in continuous variables between black Africans and white Europeans. Pearson's correlation coefficients were derived to assess the relationship between baseline variables and the percentage of FMD and ADMA levels. A stepwise multiple regression model was produced to identify independent determinants of FMD (model 1) and plasma ADMA levels (model 2). In model 1, percentage of FMD was the dependent variable and ADMA, leptin, CRP, isoF2␣, baseline brachial artery diameter, creatinine clearance, eGFR, and race were covariates. In model 2, plasma ADMA level was the dependent variable with CRP, isoF2␣, creatinine clearance, eGFR, and race as covariates. Statistical significance was accepted at PϽ0.05.
Results
As outlined in Table 1 both ethnic groups were well matched for age, anthropomorphic measurements, cardiovascular risk factors and levels of glucose, insulin, and creatinine. Leptin, CRP, and isoF2␣ levels were also similar. ADMA levels were significantly higher (Pϭ0.03) in black Africans. Black Africans had lower creatinine clearance (Pϭ0.01) in comparison with white Europeans, but there was no difference in eGFR (Pϭ0.29). Pearson correlation coefficients for the association between FMD and ADMA, leptin, CRP, isoF2␣, creatinine clearance, eGFR, and baseline brachial artery diameter are summarized in Table 2 . The only significant correlation was between FMD and ADMA levels (rϭϪ0.31; Pϭ0.01; Figure) . In a stepwise multivariate regression model (model 1), ADMA level (␤ϭϪ0.31; Pϭ0.02) was the only independent predictor of FMD ( 
Factors Influencing Vascular Function
Factors Influencing ADMA Levels
Considering that ADMA was the only independent determinant of FMD, we examined factors influencing ADMA levels. Because a proportion of circulating ADMA is excreted by the kidneys, we examined the association between ADMA and creatinine clearance and eGFR. We found no association between these indirect measurements of renal function and ADMA. Furthermore, there was no correlation between CRP, isoF2␣, and ADMA (Table 2 ). In a stepwise multivariate regression model (model 2), race (␤ϭ0.28; Pϭ0.03) was the only independent predictor of ADMA levels (Table 3 ). There was no independent correlation between creatinine clearance (␤ϭ0.17; Pϭ0.20), eGFR (␤ϭ0.15; Pϭ0. 24) , and levels of CRP (␤ϭ0.14; Pϭ0.28) and isoF2␣ (␤ϭ0.17; Pϭ0.18) and ADMA in our cohort.
Discussion
The present study provides some novel insights into potential mechanisms underlying endothelium function in young black African males. Importantly, all of the subjects were closely matched for cardiovascular risk factors. Unlike previous studies, [3] [4] [5] the present group of black African subjects was young, normotensive, and, moreover, had similar body fat, blood pressure, insulin sensitivity, lipids, and inflammatory markers as white European subjects. Despite this, black Africans had blunted vasodilation in response to increased flow in the brachial artery.
We explored the potential influence of systemic inflammation (measured by CRP levels) and oxidative stress secondary to increased reactive oxygen species (assessed by measurement of isoF2␣, a marker of systemic oxidative stress) on endothelial function. Our results were suggestive that, at this early stage of vascular dysfunction, there was no evidence of increased oxidative stress or systemic inflammation in black Africans. Similarly, leptin, a vasoactive peptide, 18 also appeared to have no influence on vascular function. Furthermore, it is of relevance that we found no difference in smooth muscle responsiveness to GTN (endothelium-independent vascular response) between the 2 ethnic groups. As with previously reported studies in black subjects, we used 400 g of sublingual GTN. 5, 11 This could potentially be a limitation of the study, because high doses of GTN do not allow for detection of subtle differences in brachial artery endothelium-independent responses. To detect these subtle changes, vascular responsiveness to smaller incremental doses of GTN will need to be assessed.
ADMA, which is a competitive endogenous inhibitor of NO synthase, has emerged as a potentially important contributor to reduced NO bioavailability in a number of disorders characterized by cardiovascular disease, including aging, hypertension, diabetes, and hypercholesterolemia. 9, 19 Furthermore, 2 recent longitudinal studies, 13,20 1 of which included Ͼ1800 subjects, 13 have demonstrated that ADMA is an independent predictor of future cardiovascular events.
We have demonstrated that circulating ADMA levels are almost one third higher in healthy black African men compared with white European men. In a large study of patients with coronary artery disease, Schnabel et al 13 demonstrated that the risk of cardiovascular events increased with increasing thirds of baseline ADMA. This observation is in support of a pathophysiologically relevant role for the different levels of ADMA seen in the present study. Also consistent with our data set, Houghton et al 21 demonstrated that presence of the African race predicted an improvement in coronary endothelial function after supplementary L-arginine, which competes with ADMA. However, ADMA levels were not measured in this study. 21 Our results further demonstrated that, in healthy, young, normotensive black African males, conduit artery endothelial function is blunted. Endothelial function was independently associated with an increase in levels of ADMA. However, other potential determinants of endothelial function as assessed in our study (systemic inflammation, oxidative stress, leptin, creatinine clearance, eGFR, baseline brachial artery diameter, and race) appeared to have no independent influence on endothelial function. Our results highlight the importance of designing detailed future studies to examine the influence of acute and chronic L-arginine supplementation on levels of circulating ADMA and, hence, endothelial function in black Africans.
Considering that ADMA was the only independent determinant of endothelial function, we also examined factors influencing ADMA. Plasma ADMA levels were higher in black Africans in comparison with white Europeans. In multivariate analysis, race was the only independent determinant of plasma ADMA levels. Although ADMA is partially excreted by the kidneys, 19, 22 there was no independent association between indirect markers of renal function and plasma ADMA levels.
Measurement of ADMA
We used the recently introduced ELISA to measure ADMA rather than the more labor-intensive approaches using highperformance liquid chromatography. Although there has been some data suggesting that the ELISA may not correlate with high-performance liquid chromatography, 23 there is a large body of data demonstrating a good correlation. [12] [13] [14] Moreover, as discussed, 2 recent studies have demonstrated the prognostic use of ADMA measured using the ELISA in patients with coronary artery disease. 13, 20 Furthermore, our data in keeping with these studies demonstrated a significant correlation between ADMA measured using ELISA and FMD.
Study Limitations
NO bioavailability in the present study was assessed by measuring differences in the percentage of FMD in black African and white European men. Although there was a clear difference in FMD (a measurement of conduit artery endothelial function), we did not measure baseline flow. Baseline flow is principally dependent on microvascular function. 11 Future studies exploring the mechanisms seen in the present report should also include assessment of microvascular function.
Circulating levels of ADMA have been shown to increase in renal failure. 19, 24 We, therefore, explored the relationship between creatinine clearance/eGFR and ADMA. Interestingly, we found no correlation between these indirect estimates of renal function and ADMA level in our cohort of healthy subjects. A potential explanation for this may be that, in subjects with normal renal function, clearance of plasma ADMA occurs in part by urinary excretion, with a substantial proportion of ADMA degraded by the intracellular enzyme dimethylarginine dimethylaminohydrolase after uptake from the circulation. 14, 19, 24 However, creatinine clearance and eGFR are both indirect estimates of renal function. 16, 17 Assessing renal function using more sensitive/accurate techniques and its association with circulating ADMA levels would be worthwhile.
Perspectives
Young black African men, compared with white European men rigorously matched for cardiovascular risk factors, have significantly reduced NO bioavailability and, hence, greater endothelium-dependent brachial artery vascular dysfunction. This does not appear to be a result of increased oxidative stress, systemic inflammation, or conventional risk factors for atherosclerosis. Plasma ADMA, an endogenous competitive inhibitor of NO synthase, is significantly higher in black African than white European men and is an independent determinant of NO bioavailability. A number of studies have shown that ADMA can be reduced by pharmacotherapy. For example, when glycemic control is improved by metformin, plasma ADMA levels are reduced in diabetic patients. 25 In patients with insulin resistance, rosiglitazone improves insulin resistance and lowered plasma ADMA levels. 26 Treatment of hypertensive patients with angiotensin-converting enzyme inhibitors or angiotensin receptor antagonists reduces plasma ADMA levels. 27, 28 Therefore, ADMA may represent a novel target to improve NO bioavailability in African men at high risk of cardiovascular disease.
